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The outer layers of the mammalian epidermis protect the organism from water loss and 
external injury. The barrier as visualized with tracers has been shown to develop initially 
in the stratum granulosum concurrent with the intercellular deposition of extruded 
lamellar-body contents. This lamellar material greatly expands the intercellular compart-
ment, and following cornification appears to form broad sheets which freeze fracture like 
lipids, deviating the fracture-plane from the hydrophobic interior of the membrane to the 
apparently more hydrophobic material in the intercellular space. 
Isolated upper epidermal sheets were first obtained from neonatal mice with staphylococ-
cal exfoliati,p, and then were treated with lipid solvents in order both to identify membrane 
structures formerly obscured by intercellular lipid and to characterize lipids contributing 
to barrier function. Histochemical stains were also used to localize phospholipid and 
neutral lipid deposits in barrier layers. After solvent treatment, the fracture plane reverted 
from the intercellular space to the plasma membrane, revealing sparse membrane particles 
low in the stratum corneum and particle-free fracture faces in mid-to-upper regions. 
Extracted upper epidermal sheets contained 3-4% lipid, almost equally distributed between 
polar and nonpolar substances, with unexpectedly large quantities of glycolipid, hydrocar-
bons, and free fatty acids. Gas liquid chromatography demonstrated unusually large 
quantities of long-chain fatty acids (C24:0 and C26:0) in all polar lipid fractions and in free 
fatty acids. ~istochemical stains demonstrated neutral lipids in stratum corneum intercel-
lular spaces, phospholipids within granular cells, and PAS-positive material both within 
and between granular cells. These combined histochemical and biochemical studies confirm 
earlier reports demonstrating a shift from polar to neutral lipid during cornification. They 
also indicate that within the stratum corneum lipids are segregated in the intercellular 
spaces, a pattern consistent with electron microscopic images. Furthermore, they suggest 
that granular layer polar lipid, through as yet undefined mechanisms, may be transformed 
into the neutral lipids ofthe cornified layer. Finally, the observed admixture of lipids with 
long-chain, highly saturated fatty acid chains, as well as the sterols are ideally suited (and 
situated) to function as the epidermal permeability barrier. 
The outer layers of mammalian epidermis pro-
tect the organism from desiccation and the envi-
ronmental milieu, while simultaneously acting as 
a preferential conduit for absorption of relatively 
nonpolar, lipid-soluble substances [1,2]. Earlier 
investigations utilizing injected tracers (horserad-
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Abbreviation: 
ANS: 8-anilino-1-naphthalene-sulfonic acid 
ish peroxidase, lanthanum) suggested that the 
water soluble-solute barring property is formed in 
the upper viable layer, the stratum granulosum 
[3-5] , and that it persists after apical migration 
and transformation of the cells into the nonviable 
stratum corneum [3]. In these earlier studies the 
barrier coincided with sites of epidermal lamellar 
body extrusion into the intercellular spaces of the 
stratum granulosum [3-5]; the contents of these 
bodies appear to undergo significant chemical al-
terations during cornification, since broad sheets 
rather than short discs are found in the stratum 
corneum [3-6]. Presumably, lipids fonned in or 
derived from lamellar bodies contribute to the 
hydrophobic and lipophilic character of the corni-
fied layer. For example, brief treatment of intact 
skin with lipid solvents abolishes the barrier to 
transepidermal water loss, and enhances percuta-
neous transport [2]. 
In this study, we examined the composition and 
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localization of lipids within neonatal mouse stra-
tum granulosum and stratum corneum by com-
bined biochemical and histochemical techniques. 
In addition, we utilized solvent treatment to un-
mask previously undetectable membrane struc-
tural detail, obscured because lamellar material 
in murine epidermis normally induces detour of 
the fracture plane to the intercellular spac~ in the 
stratum corneum [3]. 
MATERIALS AND METHODS 
Animals and Source of Tissue 
In all experiments, we used skin from neonatal 
Swiss a lbino mice. To obtain epidermal sheets, we 
injected 1- to 2-day-old mice subcutaneously with 0.1-
ml aliquots of exfoliative fractions obtained from cul-
ture supernatants of certain phage group 2 staphylo-
cocci, as previously described [7]. Two hours later, the 
animals were killed and we rubbed off intact upper 
epidermal sheets consisting of morphologically unal-
tered stratum corneum and stratum granulosum. The 
exfoliative toxin produces midepidermal, intercellular 
cleavage (cytolysis does not occur) between the stratum 
spinosum and stratum granulosum [8]. Sheets obtained 
from 10-20 mice were pooled into starting aliquots of 
100-200 mg wet weight. Our rationale for choosing the 
newborn mouse was twofold: first, neonatal mouse 
epidermis contains no hair follicles, since pilosebaceous 
structures do not penetrate the upper epidermis until 
2-3 days after birth. Thus, a structurally and biochem-
ically uniform tissue could be used for a ll experiments. 
And second, mouse skin is uniquely amenable to upper 
epidermal cleavage by the staphylococcal exfoliatin, 
thus yielding pure "barier layer" preparations as the 
starting tissue. 
Unfixed sheets were quickly immersed in various 
lipid solvents (pyridine, n-butanol, dimethylsulfoxide 
(DMSO), toluene/ethanol (60:40, v:v), chloroform/meth-
anol (66:33, v:v), or 1-5% sodium dodecyl sulfate (SDS) 
in water. Others were processed for electron microscopy 
(see below) either before or after pretreatment. The 
chloroform and methanol used here and for chromatog-
raphy were redistilled shortly before use. 
Electron Microscopy 
After fixation in cacodylate-buffered glutaraldehyde 
for 5 hr at room temperature, tissues were postfixed 
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for P/2 hr in 1% Veronal-buffered osmium tetroxide 
(0504) at 0-4°C, washed in 1.5% uranyl acetate in 0.1 
M Michaels buffer, (pH 6.0), dehydrated, and embedded 
in Epon. Some preparations were fixed with osmium 
vapor and then processed. Thin sections, stained with 
uranyl acetate and lead citrate , were examined in a 
Siemens 1A or Philips 201 electron microscope. 
For freeze-fracture studies, both full-thickness skin 
and isolated sheets were fixed for 1/2-2 hr in cacodylate-
buffered glutaraldehyde, then impregnated with 25% 
glycerol in buffer for 2-16 hr, mounted on cardboard 
discs, and fractured at - l15°C in a Balzers freeze-etch 
apparatus (Balzers Corp., Santa Ana, Calif.). Replicas 
were cleaned by sequential treatment with absolute 
methanol and triple-strength Chlorox. 
Histochemistry and Cytochemistry 
Unfixed upper epidermal sheets freshly obtained 
from neonatal mice , were frozen in liquid nitrogen, 
sectioned in a cryostat at -20°C, and stained by means 
of the following standard histochemical techniques [9] 
(the presumed specificities and reactions obtained are 
detailed in Table 1): (1) oil red 0, (2) periodic acid-
Schiff (PAS) after diastase digestion for saccharides, 
(3) Baker's acid hematin. Some cryostat sections were 
also stained with 8-anilino-1-naphthalene-sulfonic acid 
(ANS) (1 ~J.g/ml phosphate buffered saline, used as a 
general detector of hydrophobic regions in this tissue) . 
Before staining, additional samples were first im-
mersed in chloroform/methanol (2:1) for 12-18 hr. For 
the tricomplex flocculation we utilized the procedure 
as applied to lung by Adamson and Bowden [10] . 
Cryostat sections stained with ANS were analyzed on 
a Zeiss fluorescence microscope utilizing BG12 excita-
tion and 53 (0) barrier filter. 
Solvent Extraction of Barrier Layer Lipids 
Neonatal mice, injected 2 hr previously with staphy-
lococcal exfoliatin, were handled strictly with solvent-
cleaned instruments. After cervical dislocation, the 
animals were placed on solvent-cleaned aluminum foil, 
and "peeled" with similarly-cleaned implements . The 
epidermal sheets were transferred directly to a ground-
glass homogenizer and extracted with 
chloroform:methanol :water (3:1:0.8 vol) in the manner 
of Bligh and Dyer [11] using a ratio of approximately 1 
ml solvent/10-15 mg tissue. After thorough homogem-
zation , the suspension was agitated in a modified 
Burrel wrist-action shaker for an additional 10 min at 
TABLE I. Histochemical and cytochemical stains of epidermal barrier strata lipids 
Technique 
Oil red 0 
Acid hematin 
Tricomplex flocculation 
Periodic acid-Schiff 
8-analino-1-naphthalene-
sulfonic acid (ANS) 
Presumed specific-
ities 
Neutral lipids 
Phospholipids 
Phospholipids 
Polysaccharides 
(glycolipids?) 
Pola r and neu-
trallipids 
Layer(s) and sites stained 
Membrane regions of stratum corneum 
Cells of upper stratum granulosum 
1) Intracellular organelle membranes 
in stratum granulosum 
2) No intercellular staining 
3) Little staining of lamellar body con-
tents 
4) Large intracellular precipitates in 
stratum corneum 
1) Membrane regions of stratum gran-
ulosum 
2) Some staining of granular cell cyto-
plasm 
1) Membrane regions of stratum cor-
neum and upper stratum granu-
losum 
2) Diffuse cytoplasmic staining in 
stratum granulosum 
Effect of solvent pretreatment 
Abolishes staining 
No change 
No change 
Diminution of membrane region 
staining in stratum granulosum 
Diffuse diminution of fluorescence 
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room temperature. The centrifuged pellet was ex-
tracted again after further immersion in the same 
solvent for 24 hr at 40°C. The extraction media were 
converted to a 2-phase system with equal volumes of 
chloroform and water, again according to Bligh and 
Dyer [11], and the phases were separated by cimtrifu-
gation at low speed. Subsequently, the combined upper 
phases were washed twice with clean lower-phase sol-
vent from the 2-phase system (chloro-
form:methanol:water-1:1:0.9 val), and the combined 
lower phases were evaporated to dryness in a nitrogen 
atomsphere. The dried lipids were then resuspended in 
absolute benzene, weighed, and stored at -20°C. The 
initial homogenization yielded approximately 90% of 
the extractable lipids; the second extract an additional 
5-10%; and subsequent homogenization added little or 
no more lipid. 
Biochemical Analyses 
Phospholipids and neutral lipids were separated on 
one dimensional thin-layer silica gel G chromatograms 
(TLC) (Arialabs, Inc., North Haven, Conn.), utilizing 
chloroform: methanol: water: acetic acid (60: 35:4.5:0.5 
vol) as the developing solvent for phospholipids , and 
petroleum ether:diethyl ether:acetic acid (80:20:1 vol) 
for neutral lipids. The sterol ester regions of these 
chromatograms were rerun using hexane:diethyl ether 
(141:9 vol) . Individual bands were eluted with chloro-
form:methanol (2:1), evaporated to dryness, and resus-
pended as above, and weighed. The quantities of indi-
viduallipid fractions were calculated for net wet weight 
of tissue. Lipids were visualized under UV light after 
we had sprayed them with 0.25% aqueous solution of 
ANS and individual compounds were identified by co-
chromatography with known standards. Presumed gly-
colipids were visualized on thin layer chromatograms 
by sequential treatment with sodium periodate, sulfur 
dioxide, and pararosaniline hydrochloride, as described 
by Shaw [12]. The phosphorus content of individual 
fractions was assessed by a modification of Bartlett's 
method [13], while cholesterol was measured by a 
modification of the method of Sperry and Webb [14] . 
We obtained fatty acid methylesters from most phos-
pholipid and neutral lipid species by means of reflux 
hydrolysis and esterification (70°C, 1 hr) with 5% sul-
furic acid in absolute methanol. The sterol ester and 
sphingomyelin fractions were similarly treated over-
night in sealed ampoules. Methyl esters were then 
analyzed on a Bendix 2500 gas-liquid chromatograph 
(Bendix Process Instruments Division, Roncevert, W. 
Va.) using 6ft x 0.25 in glass columns filled with 10% 
DGSS-PS (Supelco, Bellefonte, Pa.), and peaks were 
quantified throughout by relative areas using an on-
line digital computer. 
OBSERVATIONS 
Barrier Layer Formation and Structure: An 
Overview 
In keratinizing epithelia, a nonviable, cornified 
layer surmounts the living epidermis. Recent bio-
physical [2] and structural [3] data indicate that 
the stratum corneum forms a contiguous sheath 
of alternating squames and intercellular lamellar 
sheets (Fig 1 and 2). At the level of the stratum 
granulosum, the lamellar and matrix contents of 
distinctive organelles (lamellar bodies, mem-
brane-coating granules, Odland bodies) are ex-
pelled into the intercellular spaces (Fig 3 and 4). 
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After cornification, in place of these short discs 
and other constituents , broad intercellular lami-
nae with quite different freeze-fracture character-
istics are seen [3]. 
Histochemistry of Granular and Cornified Layer 
Lipids 
Histochemical investigations tend to support 
the view that local alterations in lipid composition 
occur during transformation of the stratum gran-
ulosum to the stratum corneum (Fig 5-10). The 
results of these studies are summarized in Table 
I. ANS, which fluoresces preferentially with hy-
drophobic substances [15], stains the granular cell 
cytoplasm, and the membrane regions of cornified 
cells intensely (Fig 5). This pattern is interpreted 
to be due to presence of intracytoplasmic lipids in 
the stratum granulosum, with restriction of cor-
nified layer lipids to membrane regions. Other 
consistent findings are: (1) considerable tricom-
plex-precipitable material , (presumably phospho-
lipid), primarily within intracellular membrane-
bound organelles in granular cells (Fig 6 and 7) , 
but not in the intercellular spaces. Some precipi-
tate was also found in large aggregates within 
individual cornified cells, but not between them 
(Fig 8); (2) The presence of stainable neutral lipid 
in membrane regions of the stratum corneum 
with no evident staining of membranes or cells of 
the subjacent granular layers (Fig 9); (3) Large 
amounts of Baker's acid-hematin-positive (pre-
sumably phospholipid) in the upper stratum gran-
ulosum, with minimal amounts in the stratum 
corneum. Membrane regions in both the granular 
and cornified layers were unstained (Fig 10); (4) 
Cryostat sections stained with PAS revealed inter-
cellular staining in the granular layer, as well as 
faint positivity within granular cells. On the other 
hand, in the stratum corneum only faint, diffuse 
PAS staining was present. While solvent pretreat-
ment abolished staining of neutral lipids, it did 
not significantly effect either acid hematin positiv-
ity or the pattern of localization and intensity of 
tricomplex precipitation (Table I). 
Structure of Solvent-Extracted Barrier Strata 
After treatment with the various lipid solvents, 
thin sections and replicas of stratum granulosum 
revealed several distinctive features. 
1. In thin sections, viable cells of the stratum 
granulosum are drastically altered by solvent 
treatment. Organelles other than nuclei and ker-
atohyalin granules are unrecognizable. However, 
the most remarkable change in the granular layer 
is the appearance of a broad, electron dense sheet 
of constant width immediately beneath the plasma 
membrane (Fig 11). This zone is narrower (about 
250 A as opposed to 400 A) than the corresponding 
dense region of cornified cells (Fig 11, also cf. Fig 
12 and 13) . Both intracellular and extracellular 
lamellae in the stratum granulosum are more 
resistant to solvent extraction than are intercellu-
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FIG 1. After osmium vapor fixation, the intercellular content of the stratum corneum is often preserved. 
Three to six 4-nm lamellar striations fill the intercellular space. The inner and outer leaflets of the trilaminar 
plasma membranes are obscured by the dense zone and intercellular lamellar material, respectively (x 80,000). 
FIG 2. Broad, smooth, multilaminated fracture planes occur throughout the stratum corneum. The cleavage 
pathway often skips from 2 to 4 levels within a single fracture face. In this figure, and in each subsequent 
replica, the micrograph is oriented with the shadowing angle upward (x 95,000). 
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lar lamellae in the stratum corneum (Fig 14, cf. 
Fig 15-19.) 
2. In thin sections of stratum corneum, mem-
brane leaflets, obscured before solvent treatment, 
now appear uniform at higher levels and lack 
junctional specialization; at lower levels desmo-
somes abound (Fig 12 and 13). Likewise, whereas 
the membranes of the lower regions disclose par-
ticles and desmosomal aggregates (Fig 14), freeze-
fracture replicas of the middle and upper stratum 
corneum of solvent treated tissue are smooth, 
lacking junctional elements and membrane-asso-
ciated particles (Fig 16-18). 
3. Rather than the multilaminated pattern seen 
in replicas of untreated stratum corneum (Fig 2), 
a single fracture plane becomes evident (Fig 14, 
16-20). In thin sections, the intercellular space 
correspondingly narrows in many regions with 
apparent merging of adjacent outer leaflets into a 
lone, thfckened granular, electron dense band 
(Fig 13, 16a, and 20) . 
4. Replicas of treated sheets often contain long 
creases or ridges at sites where three cells join 
(Fig 16 and 17), seen as angular junctures in 
corresponding thin-sections, (Fig 16a). 
5. All the solvents increase the tendency of 
cornified cells to cross-fracture (Fig 16, 17). This 
propensity is most marked with chloroform/meth-
anol, then progressively less with pyridine, tolu-
ene/ethanol, and DMSO. 
6. "Blisters" [16] are detectible in some mem-
brane fracture faces of sheets treated with toluene/ 
ethanol or DMSO . (Fig 18 and 19). Frequently, 
par.ticle aggregates appear within such convex 
and concave contours in the lower stratum cor-
neum (Fig 19); but in replicas of the upper stratum 
corneum, such particle assemblies are absent (Fig 
16-18). 
The structural features of normal and solvent-
treated stratum corneum are diagrammatically 
compared in Fig 20. 
Lipid Composition of Granular and Cornified 
Layer Solvent Extracts 
Solvent extraction of isolated barrier-layer prep-
arations yields 3-4% lipid/wet weight. TLC of 
these extracts discloses an approximately equal 
distribution of polar and neutral lipids. The rela-
tive concentrations of the major subclasses are 
given in Table II. Noteworthy findings include: 
(1) a large amount of nonsterol-containing mate-
rial with a migration characteristic of sterol ester, 
but not susceptible to hydrolysis , which co-chro-
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matographs with saturated hydrocarbon stan-
dards. (2) significant weight percentages of PAS-
positive glycolipid, free fatty acids, and triglycer-
ides. 
The fatty acid composition of each major sub-
group is presented in Table III. All the polar 
lipids contain significant amounts of saturated, 
long-chain fatty acids (C24:0 and C26:0). The frac-
tion containing PAS-positive lipids (?glycolipids) 
which comprises up to 25% of the total lipid. 
contains fully 72% of these 2 acids alone. In 
contrast, the neutral lipids contain relatively few 
long-chain fatty acids. 
DISCUSSION 
Plasma Membrane Structure in Stratum 
Granulosum and Stratum Corneum 
The epidermal barrier to water loss permits 
mammals to survive in a nonaqueous environ-
ment [1,2]. Previously, we reported that the block-
ade to large water-soluble tracer egress (presum-
ably reflecting a major pathway of water move-
ment) occurred at sites where lamellar-body con-
tents engorge the intercellular space [3]. Both 
thin sections and freeze-fracture replicas demon-
strated that tight junctions are not present here 
[3], or when tight-junction strands are present, 
they are too fragmentary to adequately account 
for the limited permeability [4]. 
The ability to repel water-soluble tracers is 
TABLE II. Distribution of polar and nonpolar lipids in 
newborn mouse epidermal barrier layers 
(by weight) of total lipids" 
Neutrallipidsb 
Hydrocarbons 
Sterol esters 
Triglycerides 
Free fatty acids 
Free sterols 
Polar lipidsc 
Phosphatidylethanolamine 
Phosphatidylcholine 
Lysolecithin 
Glycolipid-rich 
3.7 ± 1.9 
3.2 ± 1.6 
8.07 ± 3.6 
11.7 ± 3.6 
18.4 ± 4.5 
11.6 ± 4.7 
11.6 ± 1.4 
1.5 ± 0.6 
27.0 ± 10.6 
" Numbers represent average of 3 separate prepara-
tions for each lipid class. 
b Calculated either from total neutral lipid or from 
total lipid minus polar lipid. Neutral lipids taken from 
fronts of phospholipid plates. 
c Calculated either from total polar lipid and from 
total lipid minus neutral lipid. 
FIG 3 and 4. Short lamellar discs progressively engorge the intercellular spaces of the stratum granulosum. 
When the cells reach the interface of the stratum granulosum and stratum corneum the intercellular spaces are 
grossly distended from accumulated lamellar body contents. In contrast to the broad laminae observed in the 
cornified layer (cf., Fig 1), the lamellae in the stratum granulosum remain segregated into focal accumulations 
of discs and "matrix" until their ultimate dispersion and reorganization in the stratum corneum. Insert depicts 
detailed substructure of lamellar bodies: discs are 30-40 A thick; possess an interrupted central striation; are 
separated from adjacent discs by a narrow (15-20 A) homogenous dense band; and contain focal deposits of 
nonlamellar material. Much of this substructure is retained after initial expulsion into the intercellular space 
(arrow) (Fig 3, x 55,000 and Fig 4 x 62,000; Fig 3 insert, x 82,000). 
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FIG 5. Unfixed cryostat section of neonatal mouse epidermal sheets stained with 8-analino-1-naphthalene-
sulfonic acid (ANS) and examined in a fluorescence microscope. The cytoplasm of granular layer cells is diffusely 
stained, while cornified cells do not fluoresce . On the other hand, the membranes of the upper stratum 
granulosum (sg) (arrows) and the stratum corneum (sc) are stained brilliantly, revealing the geometric packing 
of cornified squames. This hydrophobic probe has been utilized to reveal the overall distribution of barrier layer 
lipids. (x 1,250). 
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TABLE III. Fatty acid composition of neutral lipids and polar lipids in neonatal mouse epidermal barrier layers" 
Neutral lipids Polar lipids 
Fatty acids 
CE TG FFA GL-rich PE PC LYSO 
12 .6 2.0 .6 .2 .8 .5 2.0 
14 1.5 5.7 2.9 .6 .8 1.4 5.1 
14:1 1.5 . 7 1.3 tr .8 1.6 3.1 
16 6.7 29.6 23.5 5.2 3.7 13.2 20.8 
16:1 10.5 4.6 2.6 .5 2.6 8.4 10.1 
18 1.5 3.0 6.7 .8 2.4 4.5 5.9 
18:1 62.5 36.6 18.4 2. 7 14.2 42.1 6.3 
18:2 3.0 6.7 4.9 7.0 6.5 8.1 1.3 
20 1.4 .7 .9 tr .5 1.2 1.7 
20:1 1.5 1.1 tr tr tr tr 
20:2 .9 tr tr 1.4 .8 14.4 
22 .9 tr tl" 5.0 3.8 2.8 5.0 
20:4 1.0 .8 tr 2.1 .3 
22:2 .6 1.5 tr 2.7 2.6 2.0 2.7 
24 1.0 10.3 54.3 28 .9 10.9 20 .7 
24:2 1.4 7.0 9.8 5.0 6.5 3.9 .5 
26 3.6 15.4 14.5 24 .3 .3 
Totals 100.1 99.3 99.9 99.9 100.5 101.7 99.9 
"Values are mole % of total fatty acids. CE, cholesterol esters; TG, triglycerides; FFA, free fatty acids; PE, 
phosphatidylethanolamine; PC , phosphatidylcholine; GL, glycolipid-rich; Lyso, lysolecithin . 
retained during and after transformation of the 
stratum granulosum into the stratum corneum. 
Although thin sections do not r eveal tight junc-
tions in this layer, its membranes have been 
hidden from analysis by freeze-fracture because of 
deflection of the fracture plane to the multilami-
nated domains of the intercellular space [3]. Be-
cause the membranes are normally obscured in 
murine epidermis, the possibility still remained 
that tight junctions (or other membrane speciali-
zations) could be present and could, therefore, 
contribute to the barrier in the stratum corneum. 
The present studies circumvent that circumstance: 
lipid-solvent treatment of stratum corneum yields 
preparations with a single, intramembranous 
fracture plane, and, in addition, both leaflets of 
the trilaminar membrane become evident in thin 
sections, where previously they had been obscured 
(cf., Fig 12 and 13 with Fig 1). No tight junctions 
are present; sparse membrane-associated particles 
and desmosomal aggregates persist in lower re-
gions (Fig 20). Replicas of the upper stratum 
corneum disclose broad, unilaminar surfaces, free 
of any particles. To rule out the eventuality that 
the solvents we used may have preferentially 
extracted tight (or other) junctional elements, we 
treated several tight-junction-rich mouse epithelia 
(epididymis, stomach, liver , and kidney) with the 
same solvents under similar conditions, and tight 
junctions still remained. 
Novel Features of Lipid-Solvent-Treated Stratum 
Corneum 
Solvent-treated cornified cells demonstrated a 
strong propensity for cross-fracturing, although 
large membrane faces could still be discerned (Fig 
16 and 17). The cross-fracture tendency is probably 
due to the removal of intramembranous as well 
as intercellular lipid. James and Branton reported 
a similar increase in cross-fractures of osmium-
fixed plasma membranes or following progressive 
substitution of unsaturated fatty acids for satu-
rated ones in plasma membrane lipids [17]. 
The convexities and concavities observed in 
FIG 6-8. Tricomplex flocculation reaction produces multiple dense, intracellular deposits in cells of the 
stratum granulosum (Fig 6), but fewer in comified cells (Fig 8). Although deposition is widely dispersed in 
several organelles of granular cells,/recipitate in lamellar bodies (asterisk) is localized primarily to the limiting 
membrane (Fig 7), sparing discs an matrix (section in Fig 6 and 7 were not stained w1th lead citrate or uranyl 
acetate). Deposits in comified cells are again encountered only within membranous or crystalline material 
(arrow) presumably retained within cells during cornification (Fig 8). Intercellular regions of neither the 
stratum granulosum nor the stratum comeum are stained (staining is not effected by chloroform/methanol 
extraction) (Fig 6, x 40,000; Fig 7, x 75,000; Fig 8, x 50,000) . 
Frc 9. Isolated epidermal sheets stained with oil red 0 . Dark striations and droplets correspond to red 
staining found in the interceUular spaces of the stratum corneum (arrows ). The entire stratum granulosum is 
unstained. In this case (in contrast to tricomplex flocculation and acid hematin (cf., Fig 6-8, 10) solvent 
pretreatment abolishes staining, sc =stratum corneum and sg =stratum granulosum (x 1,750). 
Frc 10. Cryostat section of a neonatal mouse upper epidermal sheet stained with the acid hematin technique. 
The uppermost layer(s) of the stratum granulosum (sg) (or lowermost cornified layer) is stained heavily (arrow), 
with no deposition evident in the stratum corneum (sc). Chloroform/methanol extraction does not diminish or 
alter this pattern substantially. This technique and the tricomplex flocculation method (cf., Fig 6-8) putatively 
reveal depots of phospholipid (X 400). 
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FIG 11. Stratwn granulosum (SG) of pyridine-treated isolated epidermal sheets. Nucleus and keratohyalin 
granules are still recognizable, but other organelles are obliterated. Note appearance of a dense band subjacent 
to plasma membrane of granular cells. While this structure resembles the dense band of cornified cell membranes 
in both location and density, it is only about half the thickness (see text). Similar, "premature" dense band 
formation is found following treatment with all the solvents employed in this study ( x 55,000). 
FIG 12 and 13. Pyridine-treated stratwn comewn. After treatment with this lipid solvent, the intercellular 
space narrows, with apparent confluence of apposing outer leaflets in many regions (arrows) . Previously 
inconspicous desmosomes (D) reappear, and the underlying dense zone becomes discontinuous, revealing both 
the inner and outer leaflets of the trilaminar membrane (Fig 11). In higher regions, desmosomes first become 
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DMSO- and toluene/ethanol-treated membranes 
were strikingly similar to alterations observed in 
lymphocyte membranes when DMSO was used as 
the cryoprotectant for freeze-fracture [16). This 
pattern may reflect either intramembranous par-
ticle movement or focal differences in membrane 
composition at sites of preexisting desmosomes. 
Localization of Lipids Within Barrier Strata 
While the biochemical studies provide an over-
view of the spectrum of lipids present in stratum 
granulosum and -stratum corneum, they provide 
no precise information about the locations of the 
major depots. By utilizing histochemical and cyto-
chemical techniques, in combination with bio-
chemical studies, we hoped (1) to localize the 
various lipid classes within barrier strata; and (2) 
to show the biochemical concommitents of the 
observed structural transformation of lamellar 
bodies into broad sheets. The following findings 
will be emphasized here: first, ANS, a standard 
reagent for the detection of both polar and neutral 
lipids on TLC, preferentially attaches and flu-
oresces when bound to hydrophobic membrane 
regions of both the upper granular and entire 
cornified layer . If ANS staining depicts the overall 
distribution of lipids in these layers, then this 
finding is consistent with structural information 
which suggests that lamellar body lipid is synthe-
sized, extruded, and then persists in the inter-
stices of the stratum corneum [3,6]. However, this 
view is inconsistent with the more traditional 
concept derived .from x-ray diffraction studies 
which hold that cornified layer lipids form the 
intracellular matrix surrounding keratin fila-
ments [2]. Furthermore, the other histochemical 
stains employed here provide more detail about 
the possible changes in composition which occur 
during cornification: PAS-positive [18] (possible 
glycolipids) and tri-complex-precipitable (presum-
ably phospholipid) materials abound in the gran-
ular layer, but virtually disappear from cornified 
regions, while oil red 0 (neutral lipid) staining 
appears only in membrane regions of the cornified 
layer. Since membrane regions of the stratum 
granulosum are engorged with PAS-positive, but 
oil red 0 (and TCP-) negative material, this sug-
gests that the originally expelled lamellae are 
altered during cornification. This would be con-
sistent with morphological data indicating a sud-
den change from short, relatively polar discs 
(tending to cross-fracture and fracture plane 
deviation not produced) to broad, nonpolar sheets 
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(fracture plane deviation results), and with sev-
eral previous cytochemical studies indicating that 
lamellar bodies contain saccharides [20) as well 
as lipids [21-23). 
Lipid Composition of Murine Stratum 
Granulosum and Stratum Corneum 
Compared with the abundant studies on lipids 
of pilosebaceous origin, relatively few descriptions 
of endogenous epidermal lipids have been pub-
lished [19, 24-32). These studies, however, do not 
contain all the critical information that we would 
like to have, because in some cases: (1) The tissue 
samples contain varying amounts of pilosebaceous 
tissue or secretions [31); (2) cell preparations are 
too heterogenous to permit precise localization of 
smaller, but potentially important, fractions to a 
given 1·egion of the epidermis [29,30]; (3) the pre-
parative methods may alter the lipids, e .g., pro-
longed sequential trypsinization of basal, spinous, 
granular, and cornified layers necessitates pro-
gressively longer exposure of each successive pop-
ulation to exogenous and naturally-occurring en-
zymes [29]; and (4) the topographical location 
chosen (palms, soles) may not provide lipids rep-
resentative of those in the majority of the epider-
mis [e.g., 19, 24]. 
Despite these various problems, earlier studies 
have noted that a striking shift from polar to 
neutral lipids occurs during cornification 
[19,28 ,30,32,33]. A high concentration of sterols in 
the stratum corneum was first noted by Kooyman 
[19] and has been repeatedly confirmed subse-
quently. More recently Long [30] noted that other 
neutral lipids (free fatty acids, triglycerides) also 
accumulated at higher layers. The presence of 
abundant long -chain fatty acids in barrier layers 
has also been noted before [24,25], but rationalized 
by Nicolaides [33), as being the residua after 
utilization of more valuable, short-chain acids 
for energy-requiring processes. Finally, Gray and 
Yardley [28,29) most recently confirmed these 
earlier findings, and in addition , noted a signifi-
cant quantity of glycolipid (monohexyl ceramide). 
They interpreted these findings in the light of our 
earlier finding of intercellular bilayers [3], sug-
gesting that despite the absence of phosphate 
groups in the stratum corneum, retained sterols 
and glycolipid could provide sufficient polar 
groups to account for bilayer formation [29]. 
By utilizing the noncytotoxic staphylococcal ex-
foliatin in neonatal mice, we obtain homogenous, 
morphologically unaltered preparations of stra-
less prominent, then disappear altogether (Fig 13), but the trilaminar plasma membrane persists at all levels 
(Fig 12, x 80,000 and Fig 13, x 60,000). 
. Fr~ 14. Pyridine-treated stratum c~rneum. Replica from lower stratum corneum corresponding to same region 
m F1g 12. The membrane face here d1splays desmosomal (D) aggregates and focal residua of lamellar material (arrows) (x 47,000). 
FIG 15. Pyridine-pretreated sheets. At the junction of stratum granulosum and stratum corneum, intercellular 
lamellar (IL) material persists, despite virtually complete removal at higher levels (cf., Fig 16-20). Figure 15a; 
Thin section at same level, demonstrating persistent intercellular lamellae with prominent central striations (arrows) cc = cornified cell (Fig 15, x 90,000 and Fig 15a, x 150,000). 
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FIG 16 and 17. Freeze fracture replicas of toluene/ethanol-treated sheets. Membranes of upper stratum 
corneum are mostly cross-fractured (F1g 16). However, where membranes are revealed, a single, particle-free 
fracture plane is always found. The membranes of toluene/ethanol-treated tissues are often interrupted by 
plateaux or shallow depressions. Finally, a ridge-like elevation (Fig 16) or corresponding groove (Fig 17) often is 
found at 3-cell junctures. Fig 16a ~epicts such an angular juncture region in thin section. cc = cornified cell (Fig 
16, X 35,000; Ftg 16a, X 100,000; Ftg 17, X 48,000.) 
r 
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FIG 20. In this model stratum corneum membrane 
structure before and after solvent treatment are con-
trasted. Solvents remove most of the lamellar material 
converting the multilaminate freeze-fracture pattern 
into a unilaminar one, simultaneously revealing pre-
viously obscured plasma membrane structure . 
tum granulosum and stratum corneum. Ow- stud-
ies confirm previous studies showing large 
amounts of a glycolipid-rich fraction, free fatty 
acids, and sterols within barrier strata [29]. The 
significant quantities of hydrocarbons have been 
noted previously [29], but are generally considered 
as nonbiogenic in origin (Dr. Donald Downing, 
personal communication). However, since hydro-
carbons are critical for waterproofing in insects 
[34] and plants [35] ; a possible role for them in 
mammalian cutaneous barrier function should not 
be too quickly discounted. 
Speculations About Barrier Function and 
Percutaneous Absorption 
Structural models of the epidermal permeability 
barrier depict the stratum corneum as a cohesive 
film formed by interlocking columns of flattened 
squames (reviewed in reference 2). Because the 
intercellular space is assumed to comprise a tiny 
portion of the overall cornified layer volume, as is 
the case in other epithelia, the intercellular space 
traditionally has been discounted as a possible 
shunt pathway for percutaneous transport. The 
preferential absorption of nonpolar substances is 
presumed to occur via a lipid-rich matrix which 
enmeshes the keratin filaments ("transcellular" 
transport, reference 2). Our studies suggest that 
the intercellular spaces may be significantly ex-
panded by lamellar body contents , although the 
exact volume contribution remains to be deter-
mined. Regardless of their volume, the stratum 
corneum interstices must be reckoned with quali-
tatively as well as quantitatively, because of the 
increasing evidence that these regions are lipid-
rich. 
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